abstract BACKGROUND AND OBJECTIVES: Preterm infants experience disproportionate growth failure postnatally and may be large weight for length despite being small weight for age by hospital discharge. The objective of this study was to create and validate intrauterine weight-for-length growth curves using the contemporary, large, racially diverse US birth parameters sample used to create the Olsen weight-, length-, and head-circumference-for-age curves.
Prematurity is the only period during the life cycle for which there is no routinely used measure of body proportionality, like BMI, to assess growth, nutritional status, and associated risk. Elevated BMI in children and adults is correlated with higher body fatness 1,2 and risk of later related diseases, 3, 4 so BMI is an important part of clinical assessment at later ages. In preterm infants, concern about rapid postnatal growth, fat accumulation, and their potential adverse effects has increased interest in the composition and proportionality of postnatal growth. [5] [6] [7] [8] [9] [10] [11] [12] Because there is no routine clinical measurement of body composition in the NICU setting, a proxy such as BMI could be a useful clinical tool for preterm infants.
Growth assessment in preterm infants focuses on size for age. Intrauterine size-for-age growth curves 13, 14 compare the weight, length, and head circumference of an infant with those of reference fetuses of the same gestational age and evaluate how an infant is growing compared with fetuses of the same age, as recommended. 15 However, size for age does not identify growth that is disproportionate or weight gain that might be too low or high for an infant's length. There is evidence that preterm infants experience poor growth postnatally, 9,16-21 and upon closer look this growth failure is disproportionate between growth measures 9, 20, 22 : head growth is best, weight growth is slower and the focus of concern, but gain in length is slowest. 9 Currently there is no way to quantify and monitor disproportionate growth in the NICU. An infant's weight-for-age and length-for-age percentiles may be compared, but a weight-for-length ratio provides a simple, objective, and more accurate method of identifying, quantifying, and tracking disproportionate growth by comparing weight relative to length in 1 parameter.
A growth curve for the assessment of weight relative to length in preterm infants has been available for decades from Lubchenco et al 23 but is based on a small, geographically limited sample. Olsen et al found that Lubchenco's ponderal index (or weight/length 3 ) provided different information about weight growth status in preterm infants than weight for age alone 22 ; for example, most of the infants categorized as small weight for age were appropriate weight for length at birth and hospital discharge. Others also have described variation in growth status assessed by weight for age versus body fat or its proxies (ie, weight-for-length ratios). [24] [25] [26] [27] The ideal measure of body proportionality as an indicator of growth and nutritional status in preterm infants of all gestational ages lacks agreement. 23, 25, 26, [28] [29] [30] Weight-for-length ratios are good candidates because these measurements are routinely performed in the NICU. The goals for this study were to identify the weight-for-length ratio most highly correlated with weight and uncorrelated with length for infants born between 22 and 42 weeks' gestation, create and validate a set of growth curves, and show how the selected ratio differs across gender and gestational age.
METHODS
Infant data used in this study were previously used to create and validate our published weight-, length-, and head-circumference-forage intrauterine growth curves. 13 A deidentified sample of 391 681 infants was collected between 1998 and 2006 from 248 US hospitals in 33 states by Pediatrix Medical Group, Inc. Estimated gestational age was the best estimate of the neonatologist of gestational age, based on obstetric history, obstetric examinations, prenatal ultrasound, and postnatal physical examinations.
This best estimate was recorded to the closest completed week. We included infants of estimated gestational age between 22 and 42 weeks for whom data were available on birth weight (measured on an electronic scale, in grams) and length (measured by measuring tape or length board, in millimeters).
Exclusion criteria included gender not specified and factors with a known or suspected negative impact on intrauterine growth (eg, multiple births, congenital anomalies, mortality before discharge). We excluded extreme outliers for any of the growth measures (weight, length, or head circumference), defining these as infants with values .2 times the interquartile range above the 75th percentile or below the 25th percentile for each gestational age. 13 The samples were divided by gender for curve creation, given birth size differences, so that our curves would be consistent with the World Health Organization (WHO) growth standards and Centers for Disease Control and Prevention 2000 growth charts. 31, 32 We used the SAS SURVEYSELECT procedure (SAS Institute, Inc, Cary, NC) to split each gender-specific sample into 2 random samples stratified by gestational age, race, and birth hospital state to produce the curve creation samples and curve validation samples.
Identification of the Ideal Weight-forLength Ratio
The ideal weight-for-length ratio has been defined as that most highly correlated with weight and uncorrelated (or r 0) with length/ height. 33 Using established methods 28, 33 we tested 6 weight-forlength ratios for these relationships: weight/length, weight/length 2 (BMI), weight/length 1/2 , weight/natural log of length, weight/length 3 , and weight/length n , where "n" is Benn's index, a gestational age-specific regression coefficient designed to have a low correlation with length. BMI was selected as the best overall ratio (see Results).
Curve Creation
We created gender-specific BMI-forage growth curves by using LMSchartmaker Pro (version 2.3, 2006; Cole and Green 34 ), creating smoothed percentile curves for the 3rd, 10th, 25th, 50th, 75th, 90th, and 97th percentiles. The Lambda Mu Sigma (LMS) method estimates 3 equivalent degrees of freedom (EDF) parameters: a Box-Cox power transformation of skewness (l), median (m), and coefficient of variation (s). Instructions for using the methods and additional details can be found in the LMSchartmaker user's guide. 35 The LMS BMI curves developed according to the methods suggested by Pan and Cole 35 showed some evidence of kurtosis and lack of fit, so we used 2 techniques to improve fit. First, we used Loess regression in SAS to identify influential outliers, limiting the data for constructing the curves to individuals with residuals from the Loess model that were within the middle 98% of the sample (n = 54 585 girls, n = 72 881 boys).
Next, we used the Generalized Additive Models for Location, Scale and Shape (GAMLSS) R package by Stasinopoulos and Rigby, 36 which allowed us to model kurtosis directly and has an automated algorithm suggesting EDF for 4 parameters (l, m, s, and kurtosis, abbreviated t). We created BMI curves by using the Box-Cox Power Exponential (BCPE) Distribution within GAMLSS for both the full and Loess limited data sets. The limited data sets produced better-fitting curves. From several candidate models for each gender, we selected models with the lowest generalized Akaike information criterion; both chosen models also had the lowest EDF (l, m, s, t = 7.6, 10.1, 11.5, 2.0 for girls and 2.0, 15.4, 11.6, 2.4 for boys, respectively).
The l, m, s EDF suggested by the BCPE algorithm in the GAMLSS R program were quite different from those found by using the Pan and Cole suggested methods for the LMSchartmaker program and produced better-fitting curves. However, the BCPE model is equivalent to the LMS model when t = 2, 37 so we used the suggested l, m, s EDF from the BCPE models in new LMS models.
Finally, using methods from the WHO Child Growth Standards, 38 we compared the values of the BMI curve percentiles from the full BCPE model with a simpler LMS model by using the same l, m, s EDF values selected by the BCPE modeling process in both models. The BMI percentiles from the best BCPE models differed little from those of the LMS models. The largest difference was 0.2 of a BMI point.
We chose the final curves between the BCPE and LMS models by using the full curve creation data set because the full data set represented the actual distribution of infants; the candidate curve percentiles were used to classify all infants (#3rd, 10th, 25th, 50th, 75th, 90th, and 97th percentiles). We then determined which curve came closer
FIGURE 1
Plots of (A) the full curve data set and (B) the Loess limited data set for girls.
to the expected value (eg, closer to classifying 3% of the sample #3rd percentile) at each gestational age for each classification and declared the superior curve at each age as that which came closest to the target percentile. In a tie, we selected the simpler LMS model.
The LMS curves were better for both genders, being superior in 33 of 42 size for gestational age comparisons for girls and 37 of 42 for boys. By definition, ∼10% of a population should be below the 10th percentile (small for gestational age [SGA]), ∼80% at or between the 10th and 90th percentiles (appropriate for gestational age [AGA]), and ∼10% above the 90th percentile (large for gestational age [LGA] ). In addition, the more complex BCPE model was never superior to the LMS model for 19 gestational-age-specific percentile classifications for girls and was superior only for 23-and 26-week boys. Thus, we selected the LMS models for both genders. Although overall curve fit was better when all gestational ages were used to create the curves, fit at the individual gestational ages 22, 23, and 42 weeks was sufficiently poor that we do not include these points in the final curve and percentile results below.
Curve Validation
We validated the curves with the randomly generated validation samples by using infants born at 24 to 41 weeks only. We calculated z scores by using the l, m, s parameters, and we computed standard deviations and confidence intervals for each age and gender group. Validation was initially done in SAS 9.3 and confirmed in R 3.1.0. Mean z scores were expected to be 0 and mean standard deviations to be 1.
Using an adjusted a of .003 for 18 comparisons within each gender, we plotted means and confidence intervals to visualize any deviation from expected values. Next we examined the percentage of infants whose growth measurements fell within the distribution typically used in NICUs for classifying infant size: SGA, AGA, or LGA.
RESULTS

Identification of the Ideal Weight-forLength Ratio 33
Weight/length 3 was moderately correlated with both weight and length, but correlation with length was always negative and usually less than 20.3, indicating that it overcorrected for length. 28 Weight/ length 2 , or BMI, and weight/length n were both correlated with weight and uncorrelated with length. For each 
Evaluation of Outliers and Final Curve Generation
Plots of the full curve data set and the Loess limited data set for girls are shown for comparison in Fig 1. The figure shows how removal of outliers improves the curve fit.
Final BMI curves are presented in Fig 2. Average BMI for the full curve data set was 11.4 (SD = 2.3) Tables 1 and 2 as part of a treatment and care protocol.
for girls and 11.7 (SD = 2.3) for boys, whereas average BMI for the limited data set was 11.4 (SD = 2.3) for girls and 11.7 (SD = 2.2) for boys. BMI is reported in the following units: (g/cm 2 )*10. Tables 1 and 2 contain the LMS values by gestational age and gender, along with percentiles. Figure 3 contains z scores with confidence intervals for each gestational age. For the validation samples (girls n = 54 257, boys n = 72 731), BMI z scores calculated from the curves had a mean of 20.00 (SD = 1.08) for girls and 0.00 (SD = 1.09) for boys. The overall SGA, AGA, and LGA percentages were 9.6, 80.6, and 9.8, respectively. Size classification by gender and gestational age is shown in Fig 4. 
Evaluation of Curves' Performance for the Validation Data Set
DISCUSSION
In a large, racially diverse, contemporary set of birth data from infants admitted to US NICUs, we captured the relationship between weight and length overall in infants 24 to 41 weeks' gestational age at birth best with weight/length 2 , or BMI. Then, combining our previously reported methods 13 with those used for the WHO curves and Loess regression, we created and successfully validated genderspecific BMI-for-age percentile tables and intrauterine growth curves. We showed that BMI changes across gender and gestational age, as revealed by the different shape of the curves and values of the percentiles for the different genders and ages (see Fig 2 and Tables 1 and 2 ).
These gender-specific BMI-for-age growth curves help to fill a gap in neonatal nutritional assessment methods. There are no clinical tools for the assessment of weight relative to length in preterm infants more recent than those published by Lubchenco et al 23 and Miller and Hassanein. 39 Our BMI-for-age curves were created from the same large, recent, racially diverse US sample of infants reported by Olsen et al. 13 The 4 gender-specific curves (weight, length, head circumference, and BMI) allow a more complete assessment of preterm infant growth status at specific postmenstrual age after birth. A measure of weight relative to length provides important information about the growth status of preterm infants that is currently not quantified in the NICU. As an infant grows and is plotted on curves for weight, length, and head circumference, there is no quantification of proportionality of growth. It can be estimated visually but not easily calculated. We believe that quantifying disproportionate growth will provide information to individualize and better target nutritional care. For example, a preterm infant whose weight is considered small for age but large for length 22 would probably benefit from a different nutrition care plan than an infant whose weight is considered small for age and length.
Careful evaluation of growth in preterm infants is important
FIGURE 3
Birth BMI mean z scores and 99.7% CIs (with an adjusted a of .003 for 18 comparisons) in validation sample by gestational age. A, Girls (n = 54 257); B, Boys (n = 72 731).
because postnatal or extrauterine growth restriction, defined as the decline in growth status from birth percentiles often to ,10th percentile weight-for-age by hospital discharge, remains a substantial problem, 16, 17, 40 has a negative impact on outcomes, 9,41-43 is modifiable, 18, 20, [44] [45] [46] [47] [48] [49] and may not be identified without the appropriate assessment tools. 13, 22 Although extrauterine growth restriction usually refers to weight growth restriction, it also affects head and especially length growth. 9, 16, 19, 20 Poor growth in weight, length, or head circumference is associated with poor neurodevelopmental outcomes. 21, [41] [42] [43] The relationships between poor growth and poor neurodevelopment are well documented for weight and head circumference, 9,21,41-43 and recently a study of AGA, very low birth weight (,1500 g at birth) infants by Ramel et al 9 found a significant relationship between poor linear growth and poor neurodevelopment scores at 24 months. Early disproportionate poor growth was statistically worse for length than weight z score (P = .004), but the disproportionality was not quantified. Our BMI-for-age growth curves could be used to quantify and track the degree of weight growth relative to length growth over time by plotting BMI for age or calculating BMI-for-age z scores.
Given the associations between BMI, body fatness, and adverse health outcomes in other age groups, 1-4 one might expect similar associations in preterm infants. When measured at hospital discharge (37 6 1.2 weeks' gestational age), BMI was correlated with overall fat mass (r = 0.69) and central fat mass (r = 0.57) in a study of 149 preterm infants (#34 weeks' gestation, #1750 g at birth). 50 Data are not available in preterm infants at earlier postnatal ages because measuring the body composition of small infants is difficult, [51] [52] [53] particularly because of the high acuity of preterm infants in the clinical setting. New methods are promising 12, 54 but not easily accessible. The first step to understanding these associations in preterm infants is to define a population reference for calculation of BMI percentiles and z scores.
For infants born at 24 to 41 weeks' postmenstrual age, BMI adequately meets the criteria proposed by Benn 33 and later Cole and colleagues 28, 55 for a ratio of relative size that is most correlated with weight and least with length. This ratio is easy to calculate and use in the NICU. Using a smaller, more mature sample, Cole et al 28 indicated that "ponderal index is slightly better than BMI," but they recommended using the Benn index. The Benn indexes in their sample were much closer to 3 than 2. Our largest Benn index (in 36-week girls) was 2.39. The samples are clearly from different populations.
Despite the benefits of including BMI growth curves in the assessment of preterm infants, there are limitations. Preterm birth is not a normal event,
FIGURE 4
Classification as SGA or LGA by BMI for age in validation samples. A, Girls (n = 54 257); B, Boys (n = 72 731). Expected percentage of SGA and LGA is ∼10%.
and even when we try to create a "normal" sample of preterm infants there will be some selection bias, which is described in detail in a recent review. 56 As a result of this limitation, growth curves based on birth data sets do not represent a precise estimate of ideal growth but remain the best available estimate for assessing infant size at birth and postnatally. 57, 58 Another limitation of BMI is that it quantifies disproportionality between weight and length. As a result, growth restriction or excess resulting in stunted or excessive weight and length will not be identified by BMI or other weightfor-length ratios. Therefore, our new BMI curves are intended as adjunct measures of growth, not replacements for the size-for-age growth curves. Finally, BMI does not distinguish between body fat mass and fat-free mass. When body composition of former preterm infants at corrected fullterm age is compared with that of full-term infants, fat mass is equivalent or greater and fat-free mass is less in former preterm infants, resulting in higher body fat percentage estimates. 10, 50, 59 As body composition data for preterm infants become available, relationships between weight-forlength ratios, body composition, and outcomes must be explored.
CONCLUSIONS
Because the postnatal growth fluctuations commonly experienced by preterm infants are disproportionate (in particular, length growth is slower than weight growth), infants may be large weight for length despite being small weight for age at hospital discharge. The gender-specific BMI-for-age percentile tables and growth curves will help reveal disproportionate growth failure in infants that is not detected by current size-for-age methods. Used in conjunction with weight-, length-, and head-circumference-forage growth curves, these BMI-forage tools will provide a more complete assessment of preterm infant size, helping individualize nutritional care to optimize growth and other health outcomes in preterm infants.
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